Organic-inorganic hybrid films were prepared using tetraethylorthosilicate (TEOS) oligomer and special acrylated polyester (SAP) via a UV-curing process. TEOS oligomers were prepared in the presence of water and ethanol using hydrochloric acid as the catalyst and characterized using 1 H NMR, 29 Si NMR and MALDI-TOF mass spectra. Special acrylated polyester was synthesized by 1,4-cyclohexane dimethanol, neopentyl glycol, 1,4-butanediol, maleic anhydride, adipic acid, and acrylic acid. Hybrid films were cured by UV light and the thermal properties, dynamic mechanical properties, and tensile properties of the hybrid films were evaluated as the function of TEOS oligomer content. The morphology of the hybrid films was examined using atomic force microscopy (AFM). The microscopy and dynamic mechanical data indicated that the hybrid films were heterogeneous materials with various inorganic particle sizes dispersed within the organic matrix. The results indicated that after incorporating the TEOS oligomer, the strength and thermal stability of the hybrid films were enhanced.
Introduction
Organic-inorganic hybrid materials have been extensively studied because of their unique properties, e.g. improved physical, mechanical, thermal properties and photonic properties [1] [2] [3] . UV-curable technologies have the advantages of rapid cure, low energy consumption, high efficiency and low operating costs and look to pose a challenge the VOC emission in organic coatings because photo-curing is able to transform 100% reactive liquid into a solid polymer upon exposure to light at room temperature. As such, it has provided a number of applications on coatings, printing inks, adhesives and dental relining [4] [5] [6] .
It is well known that the sol-gel process is able to form ceramic materials at the ambient temperature instead of the traditional methods at high temperatures. The sol-gel technique is one of some very useful methods to prepare organic-inorganic hybrid materials.
Recently, much research on UV-curable organic-inorganic hybrid materials has been conducted [7] [8] [9] . Soucek and coworkers studied many kinds of UV-curable organic/inorganic films using different sol-gel precursors such as organofunctional alkoxysilanes or non-functional organoalkoxysilane [10] [11] [12] [13] .
Unsaturated polyesters having -OH groups which were modified through acrylic acid are special acrylated polyesters that are cost effective and have very good performances and wide applications. The combination of UV-curable special acrylated polyesters and the sol-gel process could generate some distinct properties.
In this study, UV-curable organic-inorganic hybrid films were prepared based on special acrylated polyester using the in-site sol-gel precursors of TEOS oligomer. The TEOS oligomer was characterized using 1 H NMR, 29 Si NMR and MALDI-TOF mass spectra. The effects of TEOS oligomer on the mechanical properties, thermal properties and surface properties of the hybrid films were studied. The morphology and phase structures of these hybrid films were characterized using AFM.
Results and discussion

Characterization of TEOS Oligomer
The 29
Si-NMR spectra of TEOS monomer and TEOS oligomers are shown in Fig.1 a) and b) respectively. The single resonance of TEOS monomers at = -81.9ppm corresponds to a silicon atom which attached to the four ethoxysilane groups. After hydrolysis, the numerous resonances of TEOS oligomers in the region from -88.0 to -103.3ppm were observed. The chemical shifts of 29 Si correspond to different degrees of hydrolysis and condensation of TEOS monomers. Due to the high polydispersity of TEOS oligomer, there were many different chemical microenvironments of the Si atoms, which resulted in the multiple, broad peaks around -89.2, -95.3 and 105.5ppm in the 29 Si NMR spectra of TEOS oligomer. 
29
Si NMR spectra of (a) TEOS monomer and (b) TEOS oligomer.
The 1 H NMR spectra of TEOS oligomer is shown in Fig. 2 . Due to the TEOS oligomer having various degrees of hydrolysis and condensation, with the protons connected to the various silicones in the oligomer, the multiple proton resonance of TEOS oligomer at = 3.80 -4.0ppm and 1.20 -1.30 ppm were observed.
In order to further characterize the structure of the TEOS oligomer, MALDI-TOF mass spectra were used. The molecular weights of the sodium adducts to the siloxane species are shown in Fig. 3 . The peaks observed in m/z 499, 633, 767, 471, 605 and 739 were unequivocally attributed to oligomers containing linear or branched structure, respectively; m/z values observed in peaks(e.g. m/z 961, 1095, 1229, 531, 665 and 799) corresponded to the theoretical calculated masses of oligomers containing monocyclic structure and bicyclic structure respectively; and in the higher observed molecular weight region, peaks in m/z values of 1483, 1617,1053,1187, 1321, 1455 and 1589, are attributed to the oligomers with tricyclic structure. The results indicated that the TEOS oligomer has both the linear and cyclic structures. 
Characterization of special acrylated polyester
The MALDI-TOF mass spectra of unsaturated polyester is shown in Fig.4 . According to the theoretical calculation, peaks observed in the lower molecular weight range (e.g. m/z 325.17, 461.07, 537.24 and 707.32) and in the higher observed molecular weight region (e.g. observed m/z 931.38, 1181.49, 1339.58, 1563.74, 1629.77, respectively) were unequivocally attributed to oligomers containing MA. There was enough evidence in the mass spectral data indicate that there was incorporation of the maleic anhydride monomer in the polyester across the entire mass range. Fig. 5 . shows the MALDI-TOF mass spectra of the special acrylated polyester. The peaks below 3000 Da were observed, due to the high polydispersity of the sample (PD = 2.2 by GPC). Peaks in the lower molecular weight range (below m/z 900) showed incorporation of either one or two terminal acrylic acid groups. Peaks observed in the higher molecular weight range of the acrylated polyester also showed terminal acrylic acid groups, thus providing evidence that special acrylic polyester contains the MA and the AA structures. 
Thermal properties
The TGA data was used to probe the thermal degradation and evaluate the thermal stability of the hybrid coatings as the function of TEOS oligomer content. The effect of varying TEOS oligomer content on the thermal degradation of TEOS / SAP hybrid films is shown in Fig. 6 . When temperature was below 195 °C, the TEOS oligomer concentration had no major impact on thermal stability of the hybrid films. Variations in stability were not observed until temperature was higher than 210 °C. The hybrid films showed delayed decomposition as compared to the pure organic film. The rapid weight loss for organic film began at 275 °C, while this did not occur in the 15 wt % TEOS hybrid film until 295 °C. Because of the high thermal stability of silica and the interaction between organic and inorganic, the hybrid films showed higher thermal stability than the pure organic film.
Dynamic Mechanical Property of Hybrid Films
Dynamic mechanical property of the organic-inorganic hybrid films as the function of TEOS oligomer content is shown in Fig. 7 . The storage modulus (E ) decreased slightly when the temperature was below 0 o C, while the E decreased dramatically when temperature increased from 0 to 100 o C. There is a rubbery plateau at >100 C° for all of the samples. Higher concentrations of TEOS oligomer tended to shift the transition to a higher temperature and broaden the transition region, and thus increased the storage modulus of hybrid films. At 60 °C, the storage modulus (E`) of the organic film was 1.41×10 7 Pa, while the E' of the hybrid film with 15 wt % TEOS oligomer content was 1.16 10 8 Pa, more than 8.3 times higher than that of the organic film. 
Atomic Force Microscopy (AFM)
The morphology of the hybrid film's surface was observed using AFM. The AFM image of 3 # hybrid film is shown in Fig.8 . The bright spots are silica which was evenly dispersed in the hybrid films, with the average size of silica about ~50 nm. The AFM imaging indicated that the hybrid coating films had microphase separation and the silica gels were dispersed at the nanoscale level within the organic polymer phase. Fig. 9 and Fig.10 show the tensile strength and elongation-at-break of the hybrid films as the function of TEOS oligomer content respectively. The tensile strength increased with the addition of TEOS oligomer increasing. This was attributed to the nanometer-effect of inorganic particles and the intimate interaction between the inorganic colloids and the organic matrix. 10 shows that below 10 wt % TEOS oligomer content, the elongation-at-break increased with the addition of TEOS oligomer increasing. Therefore, with uniform particle dispersion and under 10 wt % TEOS oligomer content, both tensile strength and elongation of the hybrid film were improved.
Tensile Properties of hybrid films
Surface Properties of hybrid films
Contact angle is one of the important surface properties of hybrid film which is very sensitive to surface composition changes. Table 3 shows the contact angle and surface tension of TEOS/SPA hybrid films as the function of TEOS oligomer content. Experimentally, it has been observed that as the content of TEOS oligomer increases, the water contact angles on the TEOS/SPA hybrid films have a tendency of increasing. Especially at low content of TEOS oligomer, the contact angle of the films increased very quickly.
Surface tension of the hybrid films can be calculated from contact angles using the following equation [14] : 
Conclusions
A series of UV-curable hybrid films based on special acrylated polyester were prepared using tetraethylorthosilicate oligomer. The hybrid films had nanophase separation structures and the TEOS oligomer dispersed in the organic phase mostly at nanoscale level. Results show that adding TEOS oligomer could increase the thermal stability, storage modulus and crosslink density of the hybrid films. Also under 10 wt % TEOS oligomer content, both tensile strength and elongation of the hybrid film were improved. Si-NMR spectra were recorded on a Gemini-400 spectrometer (Varian) in CDCl 3 solvent with tetramethylsilane (TMS) as references in 10 mm NMR tube. 1 H-NMR spectra were recorded on a Gemini-300 spectrometer (Varian) in CDCl 3 solvent with tetramethylsilane (TMS) as references. Mass spectral experiments were performed on orthogonal time-of-flight mass spectrometer (MALDI-Q-TOF MS) (QTof Ultima, Micromass Ltd., Manchester, England). For the analysis, individual solutions were prepared by mixing the dithranol matrix (20 mg/ml), sample (10 mg/mL), and sodium trifluoroacetate (10 mg/mL) in tetrahydrofuran/methanol 7:3 and in a ratio of 10:2:1. Molecular weight and its distribution were determined by gelpermeation chromatography (GPC) (Waters) using tetrahydrofuran (THF) as solvent and polystyrene (PS) as reference and detector temperature was set at 30 0 C. Atomic force microscopy (AFM) were performed to observe morphology of the hybrid film using a multimode scanning microscope (Digital Instrument Nanoscope III a) in a tapping mode with silicon tip. The thermal properties were measured on thermogravimetric analysis (TGA) TGS-2 (Perkin Elmer, Inc.) with a heating rate of 10 o C/ min in the air. The dynamic mechanical properties of the hybrid films were measured using a Dynamic Mechanical Thermal Analyzer (DMTA V, Rheometrics Scientic). The tensile properties were obtained from Instron 1185 (Instron Corporation). Contact angles were gained by Ding Sheng JY-82 contact angle goniometer equipped with an environmental chamber.
Experimental part
Materials
Preparation of TEOS Oligomer
Tetraethoxysilane 45g and ethanol 45g were charged into a four-necked flask equipped with condenser and stirrer. 0.9 g distilled water, 1 mL hydrochloric acid and 20 mL ethanol were mixed and then added slowly into the TEOS solution for 30 minutes, and the mixture was mechanically stirred for 16 h at ambient temperature. Then the solvent, water and excess TEOS monomer were removed under reduced pressure at 60 o C for 1 h.
Synthesis of Special Acrylated Polyester (SAP)
A special acrylated polyester was synthesized using 1, 4-CHDM, NPG, BDO, MA and AA by both polycondensation and acrylated techniques and the formulation of the special acrylated polyester is listed in The synthesis process consisted of two steps. In step 1, unsaturated polyester was formed by reacting 1,4-CHDM, NPG, and 1,6-hexanediol (1,6-HD) with MA and ADA in the presence of 1 wt.% dibutyltin oxide as a catalyst, and 0.05 wt.% hydroquinone as an inhibitor (based on total amount of the reaction monomers). The reaction was performed under nitrogen purge and the maximum temperature in step 1 was 180 °C. This temperature was maintained until the acid number reached 6-7 mg KOH per gram of resin, which indicated the end of step 1. In step 2, temperature was reduced to 120 °C, AA, 0.05 wt.% hydroquinone (inhibitor), and 1 wt.% p-toluenesulfonic acid monohydrate (catalyst) (based on total amount of unsaturated polyester and AA was added in, and the temperature was maintained at 120 °C for 6 h. Then, 1.5 wt.% of 3-methyl-3-hydroxymethyl-oxetane was added in, and maintained at (120 °C) for another 20 min. A light yellow acrylated unsaturated polyester resin was obtained.
The average molecular weight of special acrylated polyester was found to be M n = 2321, with a PDI = 2.3 via GPC. The acid number and hydroxyl number were measured according to ASTM standards D 1639 and D 4274-94, respectively. The structures of unsaturated polyester and the special acrylated polyester were characterized by MALDI-TOF mass spectra. There was a mixture of possible chemical structures for the special acrylated polyester.
Hybrid Coatings Formulation and Preparation
The UV-curable hybrid coatings were formulated using TEOS oligomer, special acrylated polyester resin (SPA), and photoinitiators (Ciba Darocur 1173 and 184). The formulations are shown in Table 2 . A thin film of formulation was cast on aluminum panels with #3drawdown bar and was UV-cured by a RW-UVA201-20 (Renwo Corporation) with the belt speed of 6 m/min. SAP  96  91  86  81  TEOS oligomer  0  5  10  15  Photoinitiator 1173  2  2  2  2  Photoinitiator 184  2  2  2 2
Measurement of Mechanical and Thermal Properties
The mechanical and thermal properties of the hybrid films were measured after the samples were cured for 24 hours. The weights of samples for the TGA measurement were 4 -8 mg and the heating rate was 
